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There is abundant clinical and physiological evidence t o  sug- 
gest a n  intimate role of the thyroid hormone in the regulation 
of protein metabolism. In  man rretinism is usually associated 
with dwarfism (3 ) ,  and thyroidectomy in immature animals re- 
sults in ret,ardcd growth which can be corrected by L-thj-roxine 
administration (4, 5). In mature animals thyroid dysfunction is 
generally accompanied by changw in nitrogen nittabolism as 
prominent and characteristic as those ot)served in oxidative and 
energy mctabolism ( 3 ) .  
-4 possible relationship be twen thyroxine and protein synthc- 

sis has been suggested by the studies of DuToit (6), mho reportcd 
a n  increased rate of amino acid ,incorporation into protein in liver 
slices from rats prctreatcd in vivo with L-thyrosirie. The present 
paper describes a similar stimulation of amino acid incorporation 
into protein in cell-free ra t  liver homogenates after the adminis- 
tration of L-thyroxine in vivo or its addition in vitro. .I reduction 
in the rate of amino acid incorporation has been observed after 
thyroidectomy. Some characteristics of the thyrosine effect are 
described, and evidence is presented linking it to  t h ~  mitochori- 
drial fraction and possibly to  oxidative phosphorylation. 

EXPERIMENTAL PROCEDURE 

Materials 

Chenricals---The following compounds of the highcst grade of 
purity available were purchased from commercial sources. ;5JlP 
(Pabst Lahoratories and Sigma Chemica.1 Conpany) ; creatine 
phosphate (California Corporation for Biochemical Researrh and 
Sigma) ; a-ketoglutarate and succinate (Califorriia Corporation 
and Nutritional I3iochemirals Corporation) ; 1)L;B-hydrosybutyr- 
ate (Nutritional Iliocheniicals) ; n~-leucine- l -C'~ and nL-valine- 
l-Ci4 (Nuclear-Chicago Corporation) ; sodium t-thyroxine (Cal- 
ifornia Corporation, Sigma, and Nutritional 15iochcmicals). For 
many of the experiments L-thyroxine was rccx-ystallizcd once or 
twicc: from dilute ethanol-water solutions of th r  rornnierrial 
prcparations; thc rffrcts obsrrved with rccrystallizcd L-thyroxine 
we're at h s t  as grrat and usually grrs tw than thosc, obsrrved 
with thc  original mmmcrcial preparations. 

'retr:tiodotliyro:tc.etic arid and sodium L-triiotlot.li?-roiiiii(,  RTFC 

genrrously provid(d hy I h .  '2. I$;. Hrming of thc Smith, Klinc 
and Frcnch T,:thr:tt,oricx 1) 'I'hyrosiric wits oljtairrcd simihrly 

* I'reliminary rrl)orts of lwrt ions of 1 his u-ork hvc: iweir p r ~  
srnted (1 ,  2).  

from Dr. L. Ginger of Travenol Laboratories, Inc. and I h .  '1'. 1'. 
Macrae of Glaxo Laboratories, Ltd., Middlesex, England. Crys- 
talline creatine phosphokinase, prepared by the method of Kuby, 
Noda, and Lardy (7), was the gift of Dr. F. Friedberg. 

Animals-Sprague-Dawky male rats were used in all thesc 
studies. Animals weighing between 90 and 150 g were prcfvrred 
and were used in the experiments on the effects of thyrolinc and 
its analogues in vitro. For studies involving pretreatment pro- 
cedures in vivo, animals weighing between 70 and 100 g were 
selected, but  they frequently attained weights up to  250 g by the 
end of the pretreatment schcdule. The specific pretreatment 
procedures are described below. All animals were fed I'urina 
laboratory chow ad libdurn except for a 12- to 18-hour period iin- 
mediately before they were killcd, during which time the?- i rere 
deprived of food. 

Methods 

Preparation of Homogencrtes~Honiogtnates were prcyarccl 
fresh for each experiment, arid the lioniogenization procedurcss 
were performed in a room in which the temperature was niaiu- 
tained at 4". The rats wcrv drcapit.ated, and their li\-(srs w'rc 
quickly removed and transferred to a 0.25 M sucrose solution 
previously cooled to 0". Whcn orire chilled to that trnipwature, 
tissue fractions were maintained between 0" and 2" throrigli :ill 
subsequent operations. Thc livers were wiped dry on al)sorl)c.nt 
papcr, weighed, and homogcmizctl in portions of 1 to 2 c; eacli 
portion was first minced with scissors and then homogenizvtl i i i  5 
ml of 0.25 M sucrose per g of tissur. by means of a motor-tlriwii, 
loose-fitting, all-glass Pottc:r-El\-ehjem homogenizer. 'lhc nio- 
tor speed was the minimum required to prevent birding of the 
homogenizer pestle, and 1ioniogenizat.ion was continued for only 
about 35 seconds regardless of the t1cgrc.c of complctcnc>s. 

Frmtionation and Reconstitution of IIulrwgenates--~FraCtioiia- 
tion of the crude homogenate \\-as awomplished by modifications 
of the method of Schneidrr and IIogc+oom (8). 'I'hrecl (iiffvrrnt 
procedures were followed according to  the naturc of tlic c\ptiri- 
nrent; thc,se will be referred to 3s l'rowdures A, U, and ('. . i I l  
cvntrifugations I ~ l o w  15,000 X y w ~ r e  ~wrfornird in a S;clrvall 
refrigc,ratc.d centrifuge; for higlwr c . r i r t  rifugal forccn :i Si)iiicy) 

model I, preparative-ultract~ntrjfiigc~ niis usrd. 
Procedure A :  This procedure \\:is iiscd in most. rxpc*rinic~rits. 

Intact cells, nuclei, and re11 clt-tiris \wrc rcnioved from tlic. t.rriclc 
homogenate by centrifugation for 10 niiniitm at 500 x q .  'I'hc 
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TABLE I 
Effect of z-thyrozine pretreatment in  vivo on D&mcine-I-C'4 

The system contained the f&&n~edm@nta (;h' 
incoiporation into protein' ~ 

sucrose, 150; AMP, 5; potassium phos 
MgClt, 5; potassiuma-ketoglutarate, 50 
activity 5.33 or 5.47 pc/pmole), 0.8. In  addition, 0.45 ml of ho- 
mogenate prepared by Procedure A or 0.16 ml of each of the ho- 
mogenate fractions prepared by Procedure k was added. The 
reaction mixture was brought to a final volt&& of 1.7 ITA Wth da-  
ter. Incubation time at 37" WBB 60 minutes. Radioactivity 
measured with end window Geiger-Miielkw co\lnle 

c.p.m. per mgof protein.30.4f2. 

. . . . . . . , . . . . 2.23f0. mg of protein N per 

a Rats were paired according i o  age and weight. One of eaJl 
pair received almost daily intraperitoneal injections of 190 ug 
of so$um L-thyroxine in 1 ml of 0.01 N NaOH for.6 to 16 days 
(mean = 10 days) ; the othyr received equivalent amounts of the 
NaOH solution alone. On the day after the last dose, liver'ho- 
magenatea were prepared simultaneously from both animals, and 
DL-leudine-l-C~4-incorpoiation activity in both preparations was 
aessyed in a single combined experiment. The values preaixiged 
are the mbans f standard errors of 8 such paired experiments; % 
repreants  the mean of tbe individual per cent effects. 

bstatietically signi&wt etfect; p < 0.02 ab determined by 
method of paired cornperison. 

supernatant fluid was decanted and centrifuged at 54,OQO x g 
for 60 minutes.' The 54,OOO X g supernatant fluid was decanted, 
and the combined mitochondrial and microsomal fractions con- 
fsined in the sediment were resuspended in 0.25 M sucrose to a 
fihsl volnme of 1.4 ml per g of original liver weight. The &I 
homogenste was w n s t i t u t e d  by mixing the mitochondrial- 
micmmhd suspension and the 54,OOO k g sus rna thp t  fluid in 
prioport3om of 2:1, respectively; ita compoeitioe 

aliquot added per flask, 'cciqtaipdd mitoc 
equivdent eb'the yie€d from 

fluid et&iWent & t h e  yield from 30 XI$ 

? M d W e  B: This p d u r e  W ~ S  followed ib experiments re- 

remove the micramma. The mi 
fmct#iw wem each wpnded aepprstely in sUa;eient amounta of 
0.2% to yield final volumes of 0.7 ml per g of original 
l i h r  . When this pro&dure was used, 0.15 ml of each of 
tbe fftctfonu, the mitochondrial suspension, the microsoms1 
etbsperraion, and tbe 105,ODo X 0 supernatant fluid were added 
mpade€y to each flaak; their coinbind contenta were approxi- 
ms6ef3r equivalent thoee of 0.45 ml of homogenate. prepared by 
procedure A. 

natant fluid was centrifuged at W,oaO x g for 60 minub to 

Intact  cells, call debris, and nuclei were removed as in Procedure 
A and discarded. The remaining homogenate waa centrifuged 
fw l Q  cutes at 8,000 x g to -@ the mit~&mdria which 

0.25 Y sucrw to a final vplume of 0.7 
ver weight. Preparation of fresh mito- 

homogenate was neces881y because no 
thyroxine effecta in viko on amino acid incorporation into protein 
'&d.b 06fAhM 45th mitochondria prepared from the first 
homogenate and allowed to remain isolated while the micro- 

of homogenate bqf 

. 1' 

of sodium L-thyroxine dieaolved in 0.1 ml of 0.01 N NaOH for Qnal 
thyroxine ooncentrations of 1.3 X 1 0 - 4  M or less and in 0.3 ml of 
0.01 N gr 0.1 rnl of 0.04 w NaOH for higher-concentrations. Con- 
trol flaekm received equivalent amounts of NaOH. Homogenate 
were prepared by Procedure A. Incubation time at 37" was 
minutes. e-, experimentally determined percentage 
L-thyroxine effecta; numb& d jacen t  to points represent num 
ber of experirnants trom which mean and standard errors 
celcdsted; thyroxine deeb at all concentrations were stati 

c: % praa in experimente eally significant ( p  < 0.02). O----O, theoretically calculated 
dditions of Mg++ ttqd L- 
thyroxine compouna re- 

ported by Lardy (11) containing 3 thyroxine moieties per atom of 
to t& the requirement d mitochondria for the thykcmine effect ~ ~ ~ ~ & \ m ~ ~ ~ t ~ f ~ f  

8t l0,OOO to 13,000 X g to remove intact cells, nuclei, cell debris, magnesium and having a solubility product of 1 X 10-17. 

1 is, ** The crude hmOtFnate  centri- for 15 minutes 
I 
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c p i n  per mg of pro- 

mg of protein ?; per 
telrr 29 4 f 3  4 

before the addition of MgClz. Potassium a-ketoglutarate and 
~ c I e u c i n e - 1 - C ~ ~  were added last, and incubation was begun im- 
mediately after addition of the latter. Flasks and solutions 
were kept in ice between all additions. The reaction was termi- 
nated by precipitation of the protein with an equal volume of 
12% trichloroacetic acid. 

Purifiatim and Counting of Protein Samples-The precipitated 
protein samples were purified according to  the procedure de- 
scribed by Sickevitz (9), homogenized in acetone, and plated by 
suction on metal-ringed filter-paper (Whatman KO. 1) plancbhets. 
Sample weight was determined from difference in planchet 
weights before and after plating. Radioactivity was measured 
with an end window gas flow counter, except where espressly 
stated otherwisc. Sufficient total cwunts were collected to ob- 
tain a 3 %  coefficient of variation after correction for background, 
and counting rates w r c  cwrwtcd for self-ahsorption to  infinite 
thinnvss. Corrections w r e  also made for zcro time control 
valuc.s obtained i n  scpxatc flasks in which the reaction was ternii- 
n a k d  with the trichloroacnctic. acid immctfiatoly after th r  ad- 
dition of the radioactive amino acid; zcro time valurs were almost 
always well I~elow 1 c,p.ni. pcr mg. 

.1liscellaneous Jlethorls~I'roti,iri nitrogcn contents of the 
homogrnatrs w r t  d(4xrrninctl by thc niirro-Kjcldahl technique. 

A I %" 

20 lf3 4 I -9 3 f 3  8b -28 
~ 

HEW Lrs 

Effect of L-Thyroxine f'retreatnient in  VirJo--Jn ordcr to  deter- 
ininch thc effccts of hypc~rthyroidism on the rate of DL-leucine-I- 
C I 4  incorporation into protc.in, rsp(xrimrnts wcrc prrformetl on 
matched pairs of control rats and rats rnadc hyperthyroid by pre- 
treatment with I,-thyrosine in zivo as drswihed in Table I. From 
these results it can bc srcn that L-thyroxine prcxtrratment, leads 
to an incrrasrd ra t t  of amino arid incorporation into protein 
\vliich cannot be attributed to a diffcrcnce in thr  protrin nitrogen 
contcnts of t h r  two homogenatcs. 

Effects of Th?jroidectomy-I f thc observcd cff(Lct of thyroxine 
administration to the animals rcprescritcd a physiological action 
of the thyroid hormonr, thrn hypothyroidism might be expected 
to rcsult in a reduced ratr of arnino acid incorporation into pro- 
trin. To tcst this possibility, matchcd pairs of control and thy- 
roidectomized rats wew prcparcd arid st,udied as describcd in 
Table 11. As can be srrn from the results summarized in Table 
11, thyroidectomy resulted in a signifiutnt rcduction in i)r,-icucinc- 
I-C14 incorporation activity which could not be esplaincd by any 
difference in the protein nitrogen contents of the homogenates. 

Effects of Various Concentrations of L-Thyroxine in Vitro-The 
addition of Lthyroxine directly to  the flasks also resulted in ac- 
ce1t:rak:d rates of uL-leucine-l-C14 inrorporation into protein.' 
In Fig. 1 are graphically summarized the effects of various con- 

* The additional C" incorporated into protein as a result of the 
action of thyroxine appears to he almost wholly prrsent in the 
form of carboxyl- or  n-:tmino-l)ountl leucine-l -C1*. Treatment 
of the purified, prccipitatcd prot,ciri with ninhydrin, alkali, or 
thioglycollic acid its dcsc.ril)etl by Siekcvitz (9) results in sm:LlI 
t1cv:reases in tht: specific activities of the protein f r o m  both cont,rol 
: t r d  expcrimcntal flasks, I)ut thtsc. dccre:iscs :ire proportioii:lte, 
anti the perccntage t tiyrosirie effects reriiain cssenti:illy un- 
changed. On the other hand, :ilnrost :dl t t i e  r:itlioect,ivity prcsrnt 
in acid hydrolysat,es of k)ot,h t ~ - p r s  o f  ~ r r o t c ~ i n  is rr:Ie:tsed :ts (:''Ot 
by ninhydrin, ret,:tinctl hy t,he c:ttion eschnrigr resin, I h w e x ,  5OW- 
28 (hydrogen form), ; ~ r l t l  i n  ii singlc pr::ik with the s:inic 
12 as the r)~,-lcucinc: refcrc.rict c o t i 1 1 m i i n ( I  on Whatman No. 1 paper 
rhroniatograms dt:velopctl i n  cxitticr of two solvc,nt systcms (w 
butanol-acetic :~cid-wat,cr, 4: 1 : 1,  vol i i tnc ~ ~ e r  volurnc. :tnd 80';; 
aqueous phenol) . 

TABLE I1 
Effect of thyroidectomy on m- leuc ine -1  -C" incorporation 

into protein" 
The conditions were the same as those described in  Table I. 

lncuba- Homogenates were prepared according to  Procedure A .  
tion time at 37" was 25 minutes. 

Assay 1 rats Thyroidec- I Effects of 
tomized rats ,  thyroidectomy 

a Rats weighing less than 100 g were paired for age and weight; 
one of each pair was surgically thyroidectomized and the other 
subjected to  sham operation. Paired rats were treated identically 
after operat ion until they were killed. Possible complications of 
the associated parathyroidectomy were avoided by either the oral 
:idministration of 0.6 mg of dihydrot,achysterol every second day 
or the addition of 1 g of calcium lactate per 100 nil of drinking wa- 
ter during the first 2 post,operative weeks. Conipleteness of the 
thyroidectomy was evaluated by growth curves based on almost 
daily weight ( I O ) .  In a few iristances, the presumably thyroidec- 
tomized rats failed to  show the charact,eristic retarda.tion of 
growth (4 ,5)  ; they and their niatched partners were then excluded 
from further study. Liver hornogenates were prepared simul- 
taneously fronr rn:itched rats 28 to  4Idays after operation (mean = 
32 days),  and their u~,-leucine-l-C~*-incorporation activities were 
assayed in paired finsks. The values presented are the means f 
standard errors of 8 siich paired experiments; yo represents the 
mean of the individual per cent effects. 

b Statistically significant effect; p < 0.05 as determined by 
method of paired comparison. 

centrations of L-thyrosine in csperiments with normal ra t  liver 
homogenates. I t  can bc swn that  the thyroxine effect increases 
with increasing thyroxinc concentrations, ranging from +3.5%] 
at 1.3 x 10~-' M to +770/, at 3.9 x lo-* M. I t  should be noted 
that  these are average results; in more active preparations con- 
siderably greater effects havc been observed at all concrntrations 
wit,hin this rangc. M, the thy- 
roxine rffect abruptly changes from stimulation to  marked in- 
hibition. T l i ~  ni~~c~hanism of this striking reversal is unknown, 
but if one assurnes the forination of the magnesium-thyrosine 
compound described by Lardy ( I  l ) ,  rontaining three thyrosine 
moieties per magnesium ion and having a solubility product of 1 
x then it can be shown by the appropriate calculations 
that  the reversal occurs at the thyroxine concentration at which 
the Mg++ conrentration begins to  decrease rapidly becausr of its 
precipitation by thyroxine (Fig. 1 ) .  

In contrast to  the usual mctabolica rc'sponses to t,hyroid adniin 
istration in hypothyroidism, the L-thyrosirie effect in  vitro on 
aniino acid incorporation into protrin was considerably lower in 
hornogenates from thyroidwtomizcd rats than in the normal ra t  
prqmrations.* Possible reasons for this rcduction in sensitivity 
;tftcr t11yroidrc.torny are currently untlrr iuvcstigation. 

. I  rnino . I  cid Specijicity-As van kw s w n  from the results of the 
c~spt~ririwiits sunirnarizrd i n  'I'abIc I I I ,  thc. L-thyroxine c,fTrc.t in 
vitro on amino acid incorporation into protciri is not lirnitcd to 
I(~uc:inc; it w w r s  to an equal dcgrw with valinc. 

Substrate SperiJcity -In most of thcl csperiments desc8rit)cd in 

2 I,. SokoloFI :md S. Kaufrnnrr, unpiil~lished observations. 

At a conccntration of 6.5 x 
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None . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8:rccinate (50 pmoles). . . . . . . . . . .  
a-Ketoglutarate (50 pnnloles) . . . . .  
DL-8-Hydroxybutyrate (50pmoles) 

pmoles). . . . . . . . . . . . . . . . . . . . . . .  
DL-,!-Hydroxybutyrate (100 

TABLE I11 
Comparative effects of L-thyroxine i n  vitro on ~ ~ - 1 e u c i n e - l - C I ~  and 

~ ~ - v a l i n e - l - C ' ~  incorporation into protein 
The assay conditions were the same as those in Fig. 1, except 

that  the a~-leucine-l-C14 (specific activity = 5.47 pc/prnole) was 
replaced by equivalent molar quantities of ~ ~ - v a l i n e - l - C "  (spe- 
cific activity = 3.05 pc/pmole) in the flasks indicated. Homogen- 
ates were prepared according to Procedure A. L-Thyroxine addi- 
tions to  rxperiment,al flasks were sufficient to  yield the final 
concentrations indicated. The incubation time at 37" was 25 

13.5 14.9 
24.5 24.9 
19.3 32.2 
44.8 57.7 

56.0 66.6 

minutes. 
.... ~~~~ . ~~~ .... 

L-Tllyroxine 
concrntration 

~~ . ~ 

Inhibitor 

None 
Fluoroacetate 
None 
Fluoroacetate 
- 

t L- 
r o n n e  

?irnlno acid Ic'ontroli Thy- 1 L-Thyroxine effect 
I 

Control Thy- L-Thyroxine effect 
roxine I +=- ~._____ 

c.p.m./mg protein A c.p.m./mg yo 
13.5 15.4 +1.9 +14 
12.0 12.5 +0.5 +4 
26.7 34.2 +7.5 +28 
23.4 33.7 +10.3 +44 

I 

r,. I tic. :tis:i> ( , o r i i l i i i o r i R  were the s:me :LS t.hose iu Fig. 1 ,  except 
t k i i i t  1111: I I : I , ~ I I I ~ ~  : i i i i l  c1u:iritity oi suiistr:Lte wore :LR int1ic.atetj. 
Honiogen: i les were p r e p : m d  according to l'rncediire A. The 
q i i m t i t , ~  o f  r,-thqrcixirir :idtleti to the experimental flasks was sum- 
cirnt t o  yield a final roric.eiitr:ition o f  6.5 X M. Incubation 
tinre a t  37" was 25 minutes. 

Substrate L-Thyrosine effect 

A c.p.m./mg 

+1.4 
+0.4 

4-12.9 
t 1 2 . 9  

+10.6 +19 

this report, a-ketoglutarate was used as the oxidizable substrate. 
Thyroxine effects in vitro were also observed, however, with other 
substrates, but  the magnitude and consistency of the effect varied 
considerably with the nature of the substrate used (Table IV). 
When succinate was used, the results were erratic. With some 
homogenates the thyroxine effect with succinate equaled or even 
exceeded that obtained with a-ketoglutarate, but usually it was 
much lower, often being absent or no greater than occurred with- 
out any  added substrate. Differences in the control rates of 
amino acid incorporation did not appear to be involved in this 
variability, for very similar rates were achieved with both sub- 
strates. I n  contrast to the inconsistent effects of thyroxine in 
vitro when succinate was used as substrate, the effects of thyroid 
petreatment  of the animal in vivo were just as great and con- 
sistent with succinate as with a-ketoglutarate. 

TABLE V 
Eflects of fluoroacetate on L-thyrozine effect i n  vitro on 
DL-leucine-1 -C" incorporation into protein i n  presence 

and absence of added substrate 
The assay conditions were the same as those in Fig. 1, except 

for the  absence of a-ketoglutarate or the addition of fluoroacetate 
in the flasks indicated. Final fluoroacetate concentration was 
1.2 X 10- '~ .  Homogenate8 were prepared according to  Procedure 
A. L-Thyroxine additions to experimental flasks were sufficient 
t o  yield a final concentration of 6.5 X 1W6 M. Incubation time 
at 37" was 25 minutes. 

Substrate 

None . . . . . . . . . . . .  
None . . . . . . . . . . . .  
a-Ketoglutarate. . .  
a-Ketoglutarate.. . 



March 1961 

pretreatment agent protein N 1)'' flask 

nrg 
____ 

7 Matched rat sets*  
Control . . 2.14 f 
1,-Thyroxi ne 2 . 1 3  f 

I.. Sokolofl und S. Kuujrrian 799 

I'rotein j Pretreatment eaect 

- 1 ~- . 
c .p .m /mg I L  c.p.m./nrg 1 

0.12'33 .4  + 3 . g i  
0 . 1 0 4 0 . 7  f 4 . 2 / + i . 3  f 2.2.  +23 

'rA4B1,E V I  
Effects of L-thyrorinc,  r>-thyty)xirtr,  and L-triiodothyronine 

pretreatnrenl in z i i t io  on r)L-lpuczne-l -P4 incorporation 
into protein" 

The conditions were t.he s:tnie as those described in Table I. 
Incnba- Hornogenates were prep:ired according to  Procednre A .  

tion time at, 37" was 25 niinutes. 

u-Thyroxine 
9 M:it,ched rat  pairsd 

Cont,rol 
3,5,3 '-Triiodo - L  - 

2.21 f 0 . 1 4 3 0 . 1  f 5.51-3 .3  -f 4 . 0  
! I 

1 

t,hyronine 2.08 f 0.13i35.5 f 3 . 6 / + 5 . 1  -f 2 . 3 ~  

-6 

+22 

a All values are means + st:tritlarcl errors;  yo represents mean 
of individual per cent effects. 

* Rats were nratched i i l t h  sets of three according to  age and 
weight. One served as :L control, :tnd the other two w-ere prc- 
treated with 1.- or u-t.liyroxirie. The pretreat,ed rats received 
daily iritraprri101le:tl injcc,tions of 1OOpg o f  sodium L- or it-thy- 
roxine for 4 t o  11 days (nre:tn = 8 (1:y.s). All rats of a s p t ,  were 
sirniilt.:tncoiisly killrd 1 to 1 cf:tgs (nre:tn = 2 dags) after the last 
close, :trrtl their :imino :tcid~iiicorj)nratirig activity assayed in 
parallel flasks. 

St,at,istic:illy signific:tnt effect; p < 0.05 a s  determined by 
method of paired comparison. None of the rhanges in protein 
N was statistically significant. 

d Itsts were paired according to age and weight; one served :ts 
a control, and t,he other was  pretreatcd with L-triiodothyroninc. 
I'retreatrd rats received 150 pg of sotliiim I. triiodothyronine i l l -  

traperitoneally on the first d:iy :tnd 75 pg on the second day. 
l'aired rats were sirnult:tneoi~sly killed :ind studied on the third 
day. 

. 
No 

had no significant effects on aniiiio a.cid inrorporation into pro- 
tein (Table VI).  On the otlwr harid, when added in vitro, n- 
thyroxine was found to bil a h i t ,  as effective as L-thyroxine 
(Table VII), a phcnomcnoii which has also bwn described in 
reference to  the uncoupling of oxidative phosphorylation by 
thyroxine (14). The striking discrctpancy in the relative activ- 
ities of L- and 1)-thyroxine when administered to  the whole ani- 
mal and when added directly to cell-free tissue preparations sng- 
gests that  the lesser activity of the o-isomer in vivo may be more 
a matter of ccll mcrribrane permeability or its more rapid deg- 
radation and excrction (15, 16) than of stereospecificity on thc 
part of the enzymes involved. 

The effects of the physiologi(~a11~- active analogue, 3,5,3'-  
triiodo-L-thyrorline, were almost opposite to  those of ~- thyrosinc.  
Ilomogenatcs froin rats prc+mtctl with triiodothyronine in- 
corporated amino acids into proteiii at substantially higher rates 
than preparations from rnatched control rats (Table VI). In 
vitro, howt:vc~, t h  t.ffcct of triiodotliyroniri(~, though statistically 
significant ( p  < 0.05) was only :t frartion of thc L-thyroxine cffcct 
(Table VI 1). Trtr:Lii)dot,h?I.o:tc.c.tic. :rcid, anot,hc~r potcmt, tlly- 
roactivc compound, \v:ts found to 1 ~ s  6 II morv actives in ritro 
than L-thyroxin(. (l'ahlt, VI ! 1. Prc~1iriiiri:try rcwilts indicak that, 
it is also activcl in. vivo. 

.1fitochondritrl Reqtu'renlcttt -~ I n  a11 a t t r r ~ ~ p t  to localiztl tlle 

~- 

Mitochondria 
~- 

source of the increased amino acid-incorporating activity in 
hyperthyroid rat  liver homogcnates, mitochondria, microsomes, 
and supernatant fluid were prepared by Procedure B from the 
livers of both norinal rats and rats pretreated with L-thyrosine as 
describtd above. Incubations were carried out with all possible 
combinations of mitochondria, microsomes, and supernatant 
fluid derived from these two sources. The results of a representa- 
tive esperiment are prescmted in Table VIII. It is seen that  the 

1 
2 

3 
4 

TABLE VI1 
Relative effects of L-thyroxine, &thyroxine, L.-triiodothyroiiinc, and 

incorporalion i n f o  protein 
 thy- 

roxine or  analogues added to  flasks in quantities needed to  yield 
final concentrations indicated. Homogenates prepared by Pro- 
cedure A .  

telraiodothyroacetic acid i n  vitro o n  DL-leucine-l -C14 

The assay conditions were the same as those in Fig. 1 .  

Incubation time at  37" was 25 minutes. 

Normal 
I Hyperthyroid 

Yorrnal 
Hyperthyroid 

Compound 

L - T h  y roxi ne . . . . . . . . . . 
wThyroxirie. . . . . . . . . 
Tetraiodothyroacet,ic acid.  . . . . 
3 , s  ,3 ' -Tr i io t lo-~- t .hyronin~ . . . . . 

. . . 

~~~ 

Relative effect" 

149 
6 

_ _ _ ~ _  ~. ~ . _ _ _ ~  ~ ~~~ 

a Mean values of 5 t o  16 experinients i n  which effects of i,-thy- 
L- 

Nrirnhers in parentheses are the iire:tns of the actual percent- 

roxine and each analogue m-ere romp:tred in parallel flasks. 
Thyroxine effect consitlered to be 100. 

age L-thyroxine effects obtained in this series of experiments. 

T.4Bl.E VI11 
I,ocalization of increased amino acid-ini,orporating act ic i ly  in 

homogenate fract ions j r o n i  L-th,yrox:ine pretreated rats 
The assay conditions *-ere the s:mme i t s  described in Tnhle I .  

Radioactivity was meas- Incubation time at 37" was 60 nriniites. 
ured with an end window Geiger-Mueller counter 
__ ~~ 

1 Fl.+k 
Source of hornogenatr fractions added to flasksa 

Microsomes 

Norir1;tl 
Hyperthyroid 

Nornral 
Hyperthyroid 

Hyperthyroid 
Sorill:tl  

1v o ri iI  al 
By pert hyrnitl 

Supernatant fluid 

Xormal 
Hyperthyroid 

Hyperthyroid 
Sormal 

So rnr a1 
Hypert hyroid 

Total protein* 

c.p.m.Jiitg 

17.4 
29.3 

15.3 
32 .2  

17 .9  
28 .1  

31 .2  
16.7 

a Mitochondria, microsomes, arid supern:ttant fluid were pre- 
pared simult.aneously hy I'rocedurr B (ser text,) from both normal 
rat,s and rats made hyperthyroid hy t hc daily intrnperitorical 
injection of 100 fig of sodinrn I. thyroxine  for 7 days  preceding thc 
clay of experiment. The tlirrc hoinogr~ri:it f, fractions ticrived 
from hoth types of rats werft :iticlcd t o  th(1 fl:isks i n  thc coii\hin:t- 
tioris indicat,ed. 

* Itepresents amino :tcitl iricorpor:ltion i n t o  t o ta l  ilorr\ogcli:\t e 
protein arid not protein of any bprcific ho1iiogi:ri:ttc~ fraction. 
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Complet c . . 
Minus mitochondri:i, rriirriis 
a-ketoglrit,arat,e, plus rre:t- 
t irre ptiosphatr, plus cr( ' -  

increased amino acid-incorporatlng activity follows the distri- 
bution of the mitochondria from the hyperthyroid rat, indicating 
that the thyroxine effect in vice is associated with the mitochon- 
drial fraction. 

This association did not necessarily prove that mitochondria 
were intimately involved in the mechansim of the thyroxine rf- 
fect; it could as readily have been explained by a concentration 
of the injected thyroxine in the mitochondrial fraction (17, 18). 

26.9 

TABLE IX 
Requirement of mitochondria and  oridizable substrate for L -thyrozine 

effect in vitro on n ~ - l e u c i n e - M ' "  incorporation in10 pro le in  
Homogenate fractions were prepared hy Procedure C (SPP text). 

The complete systrni ront:tinr:d th r  siiine c o n p o i r e n t s  :is t h c  st: t i r t l -  
ard system descri1)ed i n  l':tble I and Fig. 1 ,  including0.15 r n l  of tlir 
mitochondrial suspension :tnd 0.30 ml of the microsom:~l .sirpi;r- 
natant mixture adtied srparately. l 'h r  contents  of t he f1:inks 
with oi l  t mi tor hondri a and CY - ke t og 1 i i t :mi t r we re i dc r i  t i  c:il,  c~xcrp  t. 
that the mitochondrial suspension wits replaced by 0.15 nil of 
0.25 M sucrose solution a r i d  t,hc u-kctiiglrit:tr:it,c w:is rrpl:irc.il l ~ y  
40 pinoles of creatine phosph:ite : t i l ( \  (LEI nig of rryst:illinc vre:it i i i c .  

phosphokinase c:ont:tinetl i r i  :til equivalent voliiiiic. Siifli(Xic1rt 
L-thyroxine was :tttlded to  otitnin a final coricriitr:tliorr of t i  5 x 
10-6 M. Incubation time at 37" w a s  25 minutes 

Total homogenate protein 

Microsomal-sup~rnatant pro 
Mitochondrial protein 

tein 

F. x, 
peri- 
ment 
N O .  

. -~ 

1 

2 

10 7 I 26 o 1 +6 3 1 +32 
1 4 7  1 4 0  ~ + 0 2  I +1 

23 0 j 33 9 +IO 0 [ +17 

3 3 . 0  

l ( i .2  

39.8 

42.8 

3 0 3 +2 

+11 4 4+10 i 

+ 2 . 2  ~ +5 
I - .~ 

Ef fec ts  of L-thyroxine i n  v i l ro  on P L  leucin~-l -('I4 incorpora/ion z n f o  
proteins of various jracl ions of total ho~riogcnalc 

Incubations i n  all flasks were c:trriec! out undcr the same eoir(li- 
t,ions as i n  Fig. 1. Homojieiiotc was ;>rep:ircd :tccording t o  f'ro- 
eedure A (see text). Sufficient. L-thyroxine was addtti t o  .it <:tin 
a final concentration of 1 . 3  X IO-' M .  Incubation times :L: 27" 
was 25 minutes. At the e n d  of the ir!cuhations, the c*orrrei!ts of 
one pair of control and cxperinicrttal flasks were sep:trnt,ed into 
mitochondrial and n~icrosoin:tl~sripernRt.ant. fractions hy differen- 
tial centrifugation (sce t ex t ) .  The  protein of each fraction w a s  
then precipitated, purified, and counted as described in the text. 
Total homogenate protein was ohtsined from the contents of a 
parallel pair of flasks which were not fractionated brit were othrr-  
wise similarly treated. 

. ~______ -. 
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CONTROL 
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g 20  

a 

S 30 
c1 

LT 

I a 
v 10 

'0 10 20 x )  40 50 60 
INCUBATION TIME IN MINUTES 

~ ) r ~ l i ~ i i g : c ~ l  or t,lici i i i i t i a l  tliyt.ii\int~ c b f f o c t  may (~v(~ i i  bc iidiibitory, 
l ) i t t  ultitii:~trly t l ic ,  :tnii i io w i i l  inc*orporation in  t l t c y  thj-ro\incl 
fl:tsks is :tcwlw:ttc.tl :tiid s i i r1~: ts~(%s that of thc cwtitrol flrtsks. 
I t i ( w  rcwilts iiitlir:ttc\ tli:tt t i l ( ,  t l i y r c ~ s i r i c ~ - ~ l c ~ ~ ~ ~ ~ ~ i ~ l ~ ~ ~ ~ ~  rcwhons 
i)rocwding tl i iri i ig tliv I)rc.iric,iili3tion, which :ti-(' rc~sponsil)lc for 
the dimination of t h c  lag, :trv :iIsii t l q w r i t l c r i t  OIL the presc'nw of  
an osidizahlr substrata. 'l'1ic.y sripport the ronclusiorrs already 
rrachrd from t l t c  rcwlts of thc, c~rpc~rinic~nts \vith fluoroacy+,atc, 
(TaI>lc V) and crv:ttini* p1iosph:itc' ('l':thlv I S )  that Iloth mito- 
c h ~ i d r i a  arid :t sulstratcs for oxitlntive ~~l ios~~ltorylat ion are nrccs- 
snry for t,lic thyrosiric stin1ul:ttion in. zitro of arnino arid incorpo- 
ration into protcin. 

r 7  

IJISC!USSION 

Tlic finding that tlij-rosiiie stimulates :tniirio acid incorporation 
into prntcJin in cell-free hornogciiatc,s is furt.tier cvidmw of a role 
of the thyroid hormone in protcin biosynthesis. I t  does not t's- 
cltitlc thc possibility of :I similar role in othcr synthetic prowsses, 
and in fact thcw have brcn rcyorts suggesting romparahle c>ffects 
OII tlic, syrittwsis of fatty acids (24), rholrstcml (2.9, and glycogen 
(26 ) .  Increased amino acid incorporation into protein is not in 
itself proof of a stiinu1:ition of nrlt o r  protcin synthesis tit notlo, 
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but  it is compatible with t,hc physiological role of tli\roxinc in 
growth and development (3-5), processes in which protein syn- 
thesis is almost certainly involved. Also, Paik and Cohen (27) 
have recently reported that  carbamyl phosphate syntili&se 
activity is increased in the tadpole liver by thyroxine trcatmr.nii, 
and they demonstrated by immunological and C14-leucint-in- 
corporation studies that  the increased activity is the result, ~f a n  
accelerated synthesis de novo of this spccific enzymatically active 
protein. 

Previous demonstrations of increased tissue levels of specific 
proteins (21, 27) or enhanced activity of synthetic processes (24- 
26) were all obtained after pretreatment of the animal in vivo. 
Such studies fail to  distinguish between a primary effect of the 
hormone and a secondary or adaptative change in response to  the 
gross metabolic alterations known to occur in hyperthyroidism. 
I n  the present study, the ability of thyroxine to stimulate amino 
acid incorporation into protein was demonstrated not only after 
its administration in vivo hut  also in vitro, indicating more 
strongly a close relationship to the direct action of the hormone. 

Uncoupling of oxida,tive phosphorylation has been suggcsted 
as the mechanism of action of thyroxine (18, 22). Leucine and 
valine incorporation into protein in the system used in these 
studies is a n  energy-dependent prowss, and its stimulation by 
thyroxine is inconsistent with the mechanisms generally implicd 
by  the concept of uncoupling of osidative phosphorylation. In- 
deed, uncoupling agents, such as d in i t r~phenol ,~  in conccntra- 
tions which measurably depress oxidative phosphorylation, also 
inhibit amino acid incorporation into protein (9).2 The abrupt 
switch from stimulation to  inhibition of amino acid incorporation 
observed with very high concentrations of thyroxine (Fig. 1)  
may reflect its uncoupling action; but  this effect appears to be a 
qualitatively different phenomenon which may, perhaps, be 
operative in extreme thyrotosic states but cannot esplain 
many of the physiological effects of the thyroid hormone. 

Recently, Bronk (29) has reported that  thyroxine stimulates 
oxidative phosphorylation in submitochondrial particles, and 
DaIlam and Howard (30) h a w  observed similar effects under 
special conditions with intact mitochondria. It is possible that  
the thyroxine stimulation of amino acid incorporation is related 
to this phenomenon, but we have been unable to demonstrate 
thus far that  the amino acid-incorporation rate in our system is 
limited by the amount of available A4TP. I n  fact, lowering the 
AMP concentration, which probably lowers the steady-state con- 
centration of ATP, enhances the rate, and replacement of the 
AMP by a n  equivalent quantity of ADP or ATP fails to increase 
and may even decrease the rate of amino acid incorporation.2 
These results, however, are difficult to  interpret because of possi- 
ble complicating influences such as Mg++ binding by the nucleo- 
tides, and further studies of the question arc still in progress. 

The possibility has been considered that  the thyrosine effect is 
related to  the phosphorylation of some other nucleotide required 
in the incorporation of amino acids into protein. G T P  has been 
reported to be an essential cofactor in the rate-limiting step of thc 
over-all process (31), and the greater and more consisttnt thy- 
roxine effects obtaintd wtih a-ketoglutarate as compared with 

4 We have recently observed that very low concentrations of 
dinitrophenol and salicylate also stimulate :imino acid incorpora- 
tion into protein in norrnal rat liver hornogenatrs. Howewr, in 
view of the recent finding t)y Christenwn (28) that thesc. agents 
inhibit protein binding of t,hyroxine, i t  is uncertain whethrr their 
stimulation of amino acid incorporation is a direct, effect or see- 
ondary to  the release o f  endogenous thyroxine tw1111d o i l  protcin. 

succinate could c:onceivahly have hccn related to thr. cvuplt,d 
gcncratiori of G'rE' in the oxidation of the former substrate (32). 
The addition of GTP to the total system does indeed incrmse the 
rate of amino acid itic.orporatioii, but identical stimulations are 
observed with GDP, aud ncitller nucleotide has any systematic 
jnflucncc on the t,tiyroxine effect.* 

Although the effect of thyroxine on amino acid inrorporation 
into protein cannot be explained by its uncoupling action on 
oxidative phosphorylation, certain aspects of the results suggest 
that  it is related to  some interaction between thyroxine a ~ ~ d  osida- 
tive phosphorylation. The requiremcnt of both mitochondria 
and a substrate for oxidxtive phosphorylation for the over-all 
effect and the lag period whirh can be eliminated by prcincuba- 
tion only if both thyroxine m d  thc oxidizable suhstratc are 
present, indicate a preliminary or int,carmediatc reaction involving 
both thyroxine and osidative phosphorylation preceding the 
effect on amino acid incorporation. Thesc observations are 
equally compatible with an oxidatiyc phosphorylation-depen~~ent 
effect of thyroxine on mitochondrial membrane perme~hility (33, 
34) or some other mitochondria.1 component,, or, converscxly, an 
effect of osidative pliosphorylation on thyroxine. An :wtivated 
thyroxine intermediate, tt.traiotlotliyroa~etyl-CoA, has alrcady 
been suggcsted by 1,cUrcton et (11. (35, 36) on the basis of :t ('0~4- 
dependent thyrosinc stimulation of glycolysis. No evidcnc-c has 
been obtained to indicate thr involvcrntnt of CoA in the tliyro\-- 
ine effect rcported here. It is hoped, howevcr, that studies vur- 
rcntly in progress on the naturc of the interaction l)ctn.c.cn thy- 
roxine and oxidative phosphorylation may help to elucidate the 
mechanism of the thyroxine stimulation of amino arid incorpora- 
tion into protein. 

SUMM.4 RY 

1. L-Thyroxine pretrratment in vivo or addition in i : i h  in- 
creases the rate of amino acid incorporation into the protcin of 
cell-free rat liver homogrnatt~s. Thyroidectomy results in a 
reduction of this rate. 

2. The increased amino acid-incorporating activity in the L- 

thyroxine pretreated rats has hem found to  bc associated with 
the mitochondrial fraction. The  thyroxine effect in vitro is 
dependent on the presence of mitochondria and a substrate for 
osidative phosphorylation; i t  is not observed when the oxidative 
phosphorylation system is rep lard  by a creatine phosphate-ATP 
generating system. L41though mitochondria are essential for the 
L-thyrosine effect, the actuaf effcct is to accelerate the amino 
acid incorporation into the protcin of the microsomal-supcrna- 
tant fractions. 

3. Time-course studies have dcmonstrateti that  the L-thyrox- 
inc effect in vit7o is a true stimulation of the rate of amino arid 
incorporation into protein and not mcrely a preservation of the 
initial rate. A short lag period in the appearance of the effect 
has been observed which can be eliminated by preincubation of 
the systcm with L-thyroxine, providcd an oxidizable substrate is 
present; prcincubation in the :~bsc,nre of added suhst3rat,r fails to  
eliminate the lag. 

4. u-'t'hyrosinc, which is I)hysioIogically rclativtly inactive, 
aIsc1 fails t,o stirnulatr~ amino :rcid inc~)rporat,ion into protein when 
irljcctcti int.0 the animal in doscss in w h ; c 8 1 1  r.-tliyrosine is riuite 
ar~tiyp. IYllen :).ddc~l,in i,?fro tlircctly to thc wll-frw homogrmhs,  

On thcx other Iiand, 

c w t l  in z'iz'o hiit has w r y  Ion. activity 

:I?, L-tliyroririe. 
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when added in vitro. Tetraiodothyroacetic acid is more effective 
in vitro than Lthyroxine. 

5. The possible relationship of the IAhyroxine effect on amino 
acid incorporation into protein to  the physiological role of the 
thyroid hormone in the proccsscs of growth and development is 
discussed. 
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